e fault diagnosis of piezoelectric sensor patches is very important for the stability of the vibration control system and faulttolerant control technology. In order to improve the accuracy of fault self-diagnosis of piezoelectric sensor patches, singular value decomposition (SVD) and Hilbert marginal spectrum method are proposed to extract multiple features of each IMF component and conduct feature fusion, and a support vector machine (SVM) based on particle swarm optimization (PSO) is designed for fault identification of different eigenvalues. In the experiment, the broken and degumming piezoelectric patches are simulated. Firstly, under the excitation of the square wave signal with no noise signal, when the SVD value and the maximum amplitude of Hilbert marginal spectrum are used as the fusion eigenvalue together, the diagnostic results show that the recognition accuracy can reach 95%, compared with the recognition accuracy of 70% and 80%, respectively, when the two are used as eigenvalues alone; the recognition result under fusion eigenvalue is obviously better than that of the latter. Secondly, in order to highlight the effectiveness of this method, the aforementioned experiment is conducted under the excitation of the square wave signal interfered by 0.5 dBW-1 dBW noise signal. e experimental results show that the fault recognition of the fused eigenvalue under different noise intensity signals is still superior to that of the single eigenvalue.
Introduction
At present, the research on vibration fault diagnosis technology mostly focuses on the fault detection and diagnosis of vibration components themselves, such as bearings and rotors [1] [2] [3] , although there are few studies on the fault diagnosis of vibration sensors. In fact, in the study of active vibration control, the failure of the vibration sensor has some influence on the results of closed-loop vibration controlling and the stability of the system. Piezoelectric patches are widely used in vibration active control systems because of their good positive and negative piezoelectric effects. However, in practical engineering applications, repeated deformation caused by the piezoelectric effect will lead to fracture damage of fragile piezoelectric patches, whereas excessively high working temperature or excessively long working time will lead to degumming damage of piezoelectric patches [4] . In order to ensure the effective operation of the active vibration control system, fault diagnosis of piezoelectric sensor patches is very important.
In the study of related fault diagnosis methods, Zhang et al. [5] proposed a bearing fault diagnosis method, and combined EMD and permutation entropy to extract the characteristics of bearing faults. Lu et al. [6] proposed a fault diagnosis method for rotating machinery based on a deep neural network, which had good robustness under various working noises and environments. For the research on sensor fault diagnosis, Gao and Ho. [7] proposed a new generalized estimation method for generalized systems with measured output noise, which applies the progressive estimator of the generalized nonlinear system state and output noise to sensor fault diagnosis. is method has a strong applicability, but it is less targeted. Yang et al. [8] used expert system technology to identify fault types, but the diagnosis results assisted operators in troubleshooting faults, and the accuracy of identification needs to be further studied. Yang et al. [9] proposed a method based on residual information for fault diagnosis of the automotive active suspension sensor. e residual information of this method is greatly disturbed by the surrounding environment, and its practicality needs to be further improved.
Although the fault diagnosis research of various sensors has reached a certain level, there are a few fault diagnosis research studies on the piezoelectric patch. At present, based on piezoelectric impedance technology, Sun et al. [10] studied the change of the virtual admittance value of the piezoelectric element and then detected the self-damage of the piezoelectric element. However, this method which had a heavy task needed to detect a large amount of piezoelectric element data. Because of the various fault types of the piezoelectric patch, such as degumming fault and fracture fault, it is difficult to obtain comprehensive fault information by using a single method to extract its characteristics. erefore, EMD-SVD processing of signals and Hilbert marginal spectrum extraction are proposed, and both of them are taken as fusion features to achieve the purpose of feature extraction of piezoelectric patch fault information. At present, EMD-SVD technology has achieved some achievements in the field of rotating mechanism fault diagnosis. For example, Hou et al. [11] used approximate singular value decomposition to extract rolling bearing fault characteristics and designed experiments to verify the effectiveness of this method under the condition of strong noise and weak fault; using BEMD and Hilbert transform, Huang et al. [12] extracted amplitude-frequency characteristics of rotor faults and proved effective in such faults as oil film oscillation, oil film rotation, and rotor loosening.
Altogether, the research of fault diagnosis technology has reached a certain level worldwide. e application of the technology is generally in the fault diagnosis of rotating mechanisms, such as gears, bearings and rotors, or the vibration parts themselves [13, 14] . e fault diagnosis of sensors is rarely studied, and the fault diagnosis of piezoelectric sensor patches is even less studied. erefore, selfdiagnosis of piezoelectric patches fault is still a relatively new research field. In this study, piezoelectric sensor patches in active vibration control of stiffened plate is taken as the research object. According to the common fault characteristics of piezoelectric patches, the multifeature fusion method is adopted to extract fault features, and the PSOoptimized SVM algorithm is used to identify fault types. Finally, the advantages of this method are compared and analyzed, and the fault diagnosis scheme with the best identification effect is determined.
Theoretical Analysis of Piezoelectric Sensor Patch Fault Diagnosis

eoretical Analysis of EMD-SVD and Hilbert Marginal
Spectrum. Empirical mode decomposition (EMD) is part of the Hilbert-Huang transformation algorithm. It can carry out adaptive decomposition according to the characteristics of the signal itself and obtain several intrinsic mode functions (IMF) [15, 16] . e specific process is as follows:
(1) For signal x (t), select all local extremum points and use cubic spline function to interpolate the extremum points to fit the upper and lower envelops, and then take m 1 (t), the mean of the upper and lower envelops:
(2) If h 1 is IMF, it is the first IMF component of x (t); otherwise, take it as the initial value and repeat step (1) , and the result after k operations is as follows:
Make h 1k meet IMF conditions. (3) Make
Subtract c 1 from x (t), you get r 1 (t) as follows:
Take r 1 (t) as x (t) and repeat the previous steps to get the following results:
e iteration is stopped until r m (t) becomes a monotone function that can no longer extract IMF components. At this time,
At this point, the signal is decomposed into m IMF components c m (t) and residual r m (t). Hilbert transformation is performed for each IMF component c m (t) as given in the following expression:
Construct the analytic signal as follows:
Among them, a i (t) is the instantaneous amplitude function and φ i (t) is the instantaneous phase function. If the residual r m (t) is ignored, we can get the following:
Instantaneous frequency is expressed as follows:
erefore, the Hilbert spectrum can be obtained by expanding equation (9) as follows:
2
Shock and Vibration
Hilbert marginal spectrum is the integral of Hilbert spectrum on the time axis, as shown in the following equation:
Singular value decomposition (SVD) is an algebraic feature extraction method [17] . Specifically, it is an orthogonal method. By multiplying the left and right sides of the original matrix by an orthogonal matrix, it is transformed into a diagonal matrix and the linearly dependent rows or columns of the matrix become linearly independent.
For any matrix A m×n , its rank is r. If there are two orthonormal moment U and W matrices and diagonal matrix D to make the following formula valid, then equation (13) is the singular decomposition of A m×n :
Among them, U and W are orthogonal matrices and D is a diagonal matrix.
Fault Recognition Principle
Based on PSO-SVM. e support vector machine (SVM) is a method based on the statistical learning theory, whereas traditional statistical learning is difficult to achieve the ideal learning effect in the case of small samples. To address this problem, V.Vapnik and his research team proposed the SVM. e basic idea of SVM is to define the optimal hyperplane and transform the algorithm of finding the optimal linear hyperplane in space into an optimization problem [18, 19] . e actual signal data belong to the problem of linear inseparability. According to the constraint conditions,
en, the hyperplane meets the following conditions:
Among them, ξ i is the penalty function of outlier and C is the penalty coefficient.
In the SVM train function, there are two important parameters c and g; c is the penalty parameter, and g is the kernel parameter. Particle swarm optimization (PSO) is used to optimize the selection of these two parameters. e PSO algorithm seeks the global optimal solution by following the currently searched optimal value and evaluates the quality of solution by fitness. e fault of different piezoelectric sensor patches is simulated, and the response signals under different excitation are collected in the experiment. e signal is decomposed by EMD, and the SVD value and Hilbert marginal spectrum of IMF components are obtained as the feature vectors. After normalization, those are, respectively, sent to the SVM for training and recognition. e crossvalidation recognition accuracy of the SVM is taken as the fitness, and the c and g parameters of the SVM are optimized by particle swarm optimization (PSO). Finally, the recognition accuracy of the SVM algorithm under optimal parameters of c and g is obtained, so as to explore the influence of different feature value extraction on the fault recognition effect. e experimental flow chart is shown in Figure 1 .
Extraction of Fault Characteristic
Parameters of Piezoelectric Sensor Patches
Experimental System Construction and Signal Acquisition.
In order to verify the effectiveness of piezoelectric sensor fault diagnosis under multiple disturbances, an experimental system of piezoelectric sensor patches fault diagnosis for vibration control of the stiffened plate, as shown in Figure 2 , is established. e experimental device consists of PC, vibrator, stiffener 600 mm × 450 mm × 1.5 mm, piezoelectric patches 50 mm × 50 mm × 0.2 mm, Dingyang technology SDG1032X signal generator, HVP-300B power amplifier, and usb6003NI data acquisition card. In order to obtain a larger response signal, the piezoelectric patches are pasted at the maximum first mode strain of the stiffened plate. At the same time, in order to ensure the reliability of the experimental data, two groups of experiments are designed and a pair of piezoelectric patches are pasted at the maximum firstorder mode of the stiffened plate in each group. e first group of experiments are given as follows: piezoelectric patch 1 is a normal piezoelectric patch and piezoelectric patch 2 is a nearly 50% cracked piezoelectric patch. e second group of experiments include the following: piezoelectric patch 3 is a normal piezoelectric patch (the same piezoelectric patch as piezoelectric patch 1) and piezoelectric patch 4 is degumming (only a little glue is applied at the center of the patch in the experiment), and the two piezoelectric patches are pasted symmetrically opposite to each other. e two kinds of fault piezoelectric patches are shown in Figure 3 . In order to display the characteristics of degumming, white paper is used to pad them. e first mode frequency is selected as the excitation frequency, and a sinusoidal fast frequency sweep signal with a band width of 50-300 Hz and a time of 20 s were used to analyze the frequency sweep of the stiffened plate. e results show that the first mode frequency is 210 Hz. e actual perturbation signal may contain multiple frequency components and has harmonic characteristics. In order to simulate the vibration of the stiffened plate under multidisturbance, the square wave signal is selected as the excitation signal of the stiffened plate. Square wave signals can be superimposed by a variety of sinusoidal signals, and in addition to sinusoidal fundamental frequency signals, there are also harmonic signal components. erefore, square wave signals with different duty ratios are selected to simulate multiple disturbances. In the experiment, a total of 20 Shock and Vibration 3 groups of square wave signals with a duty cycle of 2.5% to 50% (set at 2.5% intervals) and a frequency of 210 Hz are set to stimulate the stiffened plate. In order to ensure the comparability of experimental data, the response amplitude of normal patches in each group of experiments is set as 1 V by adjusting the power amplifier. e signals 1, 2, and 4 of the piezoelectric patches are collected as the experimental signal data of normal piezoelectric patches, broken piezoelectric patches, and degummed piezoelectric patches; a total of 60 groups of data are collected. As can be seen from the response signals of the three piezoelectric patches, although the response amplitudes of the three piezoelectric patches are different under the excitation of the same frequency, when the excitation frequency of the stiffened plate changes, the signal of piezoelectric patch will change in response. erefore, it is difficult to distinguish the fault types of piezoelectric patches only from the response amplitude, so it is necessary to extract the fault characteristics of piezoelectric patches by means of relevant signal processing.
Fault Feature Extraction of Piezoelectric Patches Based on EMD Transform. Empirical modal decomposition (EMD)
can decompose the signal into several natural modal functions adaptively according to the local characteristics of the signal itself [20] [21] [22] . e problems of choosing the optimal basis of wavelet decomposition, constant multiresolution, and energy leakage in traditional time-frequency analysis methods are fundamentally solved. At the same time, EMD can accurately obtain the global amplitude distribution of each frequency [23, 24] .
In terms of feature extraction, SVD, as a normalized method, has good stability and is widely used in signal analysis and mechanical fault diagnosis [25] [26] [27] . e combination of EMD and SVD can overcome the randomness of choosing embedding dimension and other problems existing in the current time-frequency analysis method and can extract the energy characteristics of signals in various frequency bands well. Hilbert marginal spectrum based on Hilbert-Huang transformation, which can describe the change of the signal amplitude in the entire frequency band, is adopted to enrich the fault feature information of piezoelectric patches. e specific extraction process of piezoelectric patches fault features is as follows:
(1) three kinds of piezoelectric patches response signals under excitation of different duty cycle analog wave signals are introduced. (2) the signals of normal piezoelectric patches, degumming piezoelectric patches, and broken piezoelectric patches are decomposed into a series of IMF components by the EMD method, respectively, and it is found that the energy is basically concentrated on the first five IMF components, as shown in Figure 4 (considering the article space problem, only IMF components of the signals of three kinds of piezoelectric patches under the excitation of the square wave with 2.5% duty cycle are listed). (3) the SVD values of IMF components are obtained, and the SVD eigenvectors are shown in Table 1 (considering the article space problem, only the SVD values of three kinds of piezoelectric signals under 2.5%, 5%, 7.5%, 10%, and 12.5% duty cycles are listed).
(4) Hilbert marginal spectrum is made for each component IMF, as shown in Figure 5 (considering the article space problem, only Hilbert marginal spectrum of IMF1 components of three kinds signals under the excitation of the square wave with 2.5% duty cycle is listed). e maximum point of the marginal spectrum are found, the results are shown in Table 2 (only the results under the excitation of the square wave with 2.5%, 5%, 7.5%, 10%, and 12.5% duty cycles are listed). And the result is taken as the feature vector of each piezoelectric patches signal together with the SVD value. (5) the eigenvectors are normalized, and the new feature vector is used as the training set for the classification and recognition of subsequent algorithms.
As shown in Table 1 , the signals are decomposed into IMF components from high to low EMD in frequency. e overall characteristics of the singular values of each component and Hilbert marginal spectral amplitude are not very obvious.
erefore, the support vector machine method based on particle swarm optimization parameters is used to identify the fault types of piezoelectric patches.
Fault Identification of Piezoelectric Patches
Based on PSO-SVM e support vector machine (SVM) is a new machine learning algorithm; compared with the neural network intelligent diagnosis system, which requires a large number of learning samples, the SVM has unique advantages in small sample learning and high-dimensional pattern recognition [28, 29] . erefore, the SVM is widely used in pattern recognition, probability density estimation, function approximation, and other fields. e classification accuracy of the SVM is closely related to the selection of function parameters [30] . Among parameters, the penalty parameter c and the kernel function parameter g are the main influencing parameters. At present, the selection methods for c and g include cross-validation, genetic algorithm, and ant colony algorithm, which are all feasible.
In this study, the particle swarm optimization algorithm is selected as the optimization algorithm to optimize the selection of c and g of the SVM. e recognition accuracy of the SVM algorithm under cross-validation is taken as the fitness function; c and g parameters are selected as particles for optimization. e number of race particles is set as 20, and the particle dimension is used as the eigenvalue dimension. e number of iterations is set as 200, and the value range of the penalty parameter c is set as [0.01, 100]. e value range of the kernel function parameter g is set as [0.1, 100], and the number of cross-validation is set as K � 3.
ree experiments are carried out, respectively. Each experiment included 20 groups of data of normal piezoelectric patch, rupture piezoelectric patch, and degumming piezoelectric patch, and three kinds of piezoelectric patch are defined as 1, 2, and 3. Five-dimensional SVD values, 10dimensional maximum marginal spectral points, and 15dimensional SVD and maximum marginal spectral points are selected as the eigenvalues. e PSO-optimized SVM is used to identify 60 groups of data. e fitness function is the recognition accuracy of cross-validation of all data. After 200 iterations, the optimal and average recognition accuracy of the SVM under optimal parameters is obtained. e optimal fitness, average fitness, and test set identification results of each generation of intraracial particles in the three experiments are shown in Figures 6-8 .
As can be seen from Figures 6-8 , when the evolutionary algebra is 1, that is, when the initial PSO did not optimize the SVM, the recognition rate of the three types of piezoelectric chips is 68%, 58%, and 87%, and the recognition rate is relatively low. After PSO optimization, only the SVD value is taken as the characteristic value in the experiment; the optimal fitness, or accuracy under cross-validation, is only 77.78%, and the average fitness is about 70%. e maximum value of the marginal spectrum is taken as the experiment of the eigenvalue, its optimal fitness reaches 100% at generation 50, and the average fitness is about 80%. When the SVD value and the maximum point of the marginal spectrum are Shock and Vibration Shock and Vibration 7 taken as the experiments of eigenvalues, the optimal fitness is 100%, and the average fitness can reach about 95%. Under the aforementioned experimental conditions, multiple groups of experiments are carried out with different broken degrees and different degumming areas. e results of fracture and degumming identification are the same as those in the previous section, and they are all the best under multi-eigenvalue fusion. e experimental results also show that the degree of fracture affects the SVD value. As the degree of fracture increases, the SVD value gradually decreases within a certain range. Besides, the degree of degumming affects the marginal spectrum characteristic value. With the increase of the degumming area, the intensity of the maximum value point of the marginal spectrum decreases gradually. According to the aforementioned results, combined with the recognition result whose eigenvalue is the SVD value or Hilbert marginal spectrum feature, it can be known that, because of the large difference between the SVD value of the normal and ruptured piezoelectric patch and the SVD value of the dematerialized piezoelectric patch, the pattern recognition with the SVD value as the feature has too high error rate for the normal piezoelectric patch and rupture piezoelectric patch. Hilbert marginal spectrum features of the three cases are of similar orders of magnitude, but the resolution between different data is low, so the recognition accuracy is not satisfactory. By integrating the SVD value and Hilbert spectrum feature as the feature value, it has the advantages of the feature within the same order of magnitude and large data resolution. Its accuracy of classification is greatly improved, and the recognition results of the test set also verify the accuracy and superiority of the scheme.
Fault Identification under Noise
Signal Interference e recognition signal is the excitation response signal of a single square wave signal, which is different from the actual working condition. To verify the general feasibility of the fault diagnosis model and the superiority of fusion features, the study proposes the use of the square wave signal under the interference of noise signal to stimulate the stiffened plate, to simulate the actual working condition, and to carry out feature extraction and fault identification for the response signals of different fault types of piezoelectric patches, so as to verify the recognition effect.
Gaussian white noise is selected for noise signal. In order to make the experiment comparable, the experiment scheme mentioned earlier is still adopted and noise interference is added on it. at is, at first, set the duty ratio of 2.5% to 50% (every other 2.5% is a group) and the frequency as 210 Hz, and total of 20 groups of square wave signals mixed with noise signals excite the stiffened plate respectively. A total of 60 groups of response signals are obtained from the three types of piezoelectric patches. en, the SVD value and marginal spectrum features are extracted from the signals, and finally, different features are used for fault identification. Meanwhile, in order to improve the persuasiveness of the experiment and explore the influence of noise on the effect of fault diagnosis, Gaussian noise with the intensity of 0.5 dBW-1 dBW (0.05 dBW interval) is adopted for 6 experiments, respectively. Signal feature extraction includes EMD-SVD and Hilbert marginal spectrum. EMD decomposition is carried out for the response signals under the excitation of three types of piezoelectric slice noises. e first five IMF components are obtained, as shown in Figure 9 (considering the length of the paper, IMF components of three piezoelectric patch signals are listed only under the excitation of 2.5% of the 1dBW noise signal).
SVD is calculated for IMF components, and SVD eigenvectors are obtained as shown in Table 3 (considering the length of the paper, SVD results of three piezoelectric patches response signals under 2.5%, 5%, 7.5%, 10%, and 12.5% of the space-occupied example wave signals and mixed with 1 dBW noise signals are listed). en, Hilbert marginal spectrum is made for IMF of each component, as shown in Figure 10 (Hilbert marginal spectrum of IMF1 component of three response signals excited by 2.5% space-occupied example wave signal mixed with 1 dBW noise is listed only). e maximum amplitude value point of the marginal spectrum is obtained, and the results are shown in Table 4 (similarly, the results under 2.5%, 5%, 7.5%, 10%, and 12.5% duty cycles are listed). e Similarly, the PSO-SVM algorithm described earlier is selected to identify signal features, and the parameters such as iteration times are used as described previously. e SVD value of 5 dimensions, the maximum point of the marginal spectrum of 10 dimensions, and the maximum point of the marginal spectrum of 15 dimensions are selected as the eigenvalues. e particle swarm optimization SVM is used to identify 60 groups of data, and the fitness function is the recognition accuracy of cross-validation of all data. After 200 iterations, the optimal and average recognition accuracy of the SVM under optimal parameters are obtained. e optimal fitness, average fitness, and test set identification results of the particles in each generation of the three experiments are shown in Figures 11-13 . Finally, the average recognition accuracy under 0.5°dBW-1°dBW noise is plotted, as shown in Figure 14 .
It can be seen from Figures 11-13 , when the evolutionary algebra is 1, that is, when the initial PSO does not optimize the SVM, the recognition rate of the three types of piezoelectric patches is 43%, 57%, and 66%, respectively, and the recognition rate is low. After PSO optimization, even under the interference of 1 dBW noise, the average recognition accuracy of fusion features can reach 80.48%. At this time, the separate SVD value features and marginal spectrum features are only 73.69% and 70.49%. As can be seen from Figure 14 , with the increase of mixed noise intensity, the recognition accuracy decreases gradually, which indicates that the recognition rate is affected by the interference noise intensity. Among them, the identification rate under the eigenvalues of SVD and Hilbert marginal spectrum is significantly affected. With the increase of the interference noise intensity, the recognition rate decreases greatly. Compared with the fault recognition rate under the single eigenvalue, this effect is small to the recognition rate under the fused eigenvalue. Even if the intensity is 1 dBW, the average recognition accuracy of fusion features is still about 80%, and the recognition rate decreases very little. From another point of view, it shows that the advantage of the fault identification rate of fusion features is not affected by interference noise signal. In conclusion, the recognition accuracy of fused features is always higher than that of the SVD value and marginal spectrum as features.
In addition, in order to make comparative analysis, the wavelet packet transform is used to extract the characteristics of response signals of different piezoelectric patches based on the aforementioned experiments. en, the support vector machine is also used to identify and classify the eigenvalues. e parameters of wavelet packet adopted in this paper are set as: db2 wavelet, shannon entropy, and three-layer decomposition. e specific steps are as follows [4] :
(1) e response signals of each piezoelectric sensor are decomposed into three layers, and the characteristics of eight frequencies under the three layers are extracted.
(2) Reconstruct the wavelet packet decomposition coefficient, and extract the signal S 3i (i � 0, . . ., 7) of each frequency band. e reconstruction coefficient diagram of the wavelet packet is shown in Figure 15 (only the reconstruction coefficients of response signals stimulated by square wave signals with a duty cycle of 2.5% and a strength of 1 dBW noise interference signal are listed). Shock and Vibration 13 which x ik (i � 0, . . ., 7; k � 1, . . ., n) is the amplitude of E 3i discrete points. (4) Different frequency band energies are used to construct eigenvectors and carry out normalization processing, and the results are shown in Table 5 (only the normalized eigenvector results of three kinds of piezoelectric patches signals under square wave excitation with duty cycles of 2.5%, 5%, 7.5%, 10%, and 12.5% mixed with 1 dBW noise are listed).
Similarly, the particle swarm optimization SVM algorithm described earlier is selected to identify the signal features obtained by wavelet packet transformation, and the parameters such as the number of iterations are followed as mentioned earlier. In the noise of 0.5-1 dBW (interval 0.05 dBW), the recognition results of wavelet packet transform features are compared with the recognition results of different features to draw a line diagram, as shown in Figure 16 .
As can be seen from Figure 16 , the recognition result of eigenvalues obtained by the wavelet packet decomposition method is not very ideal. Moreover, the recognition accuracy decreases greatly with the increase in noise intensity, and the recognition accuracy is greatly affected by environmental interference. By contrast, the accuracy of fusion eigenvalue recognition is higher, moreover, the accuracy of recognition is less disturbed by environmental noise, and the recognition result is relatively stable.
Conclusions
In this study, the piezoelectric sensor in vibration control of the stiffened plate is taken as the research object. Two kinds of piezoelectric sensor faults, fracture and degumming, are simulated. EMD-SVD and Hilbert marginal spectrum are used to extract the characteristics of voltage signals under different excitation. e PSO-optimized SVM algorithm is used to identify fault types of different eigenvalues. Experimental results show that the recognition effect of multifeature fusion is the best, no matter under non-noise interference or noise interference. In the case of non-noise, the average accuracy can reach 95%. In the case of noise interference of 0.5 dBW-1 dBW, fusion features are superior to SVD value features and marginal spectrum features as features alone. e experimental results show that the fault diagnosis method of piezoelectric sensor patches based on multifeature fusion and PSO-SVM is effective and has certain advantages. At the same time, this method lays a good foundation for the future research on active faulttolerant control of stiffened plate structure vibration.
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